Thermo-physical and rheological properties of mango pulp were evaluated at different temperatures (20, 40, 60, and 80 • C) and total soluble solids concentrations (15, 20, 32, and 40 • Brix). Thermal properties were primarily dependent on the moisture content of the sample, and increased with temperature and decreased with soluble solids concentrations. Density showed a reverse trend. Glass transition temperatures increased with an increase in soluble solids concentrations indicating better stability. Empirical models developed for each thermal property as a function of temperature and soluble solids concentrations (R 2 > 0.90) generally showed better predictions than published models. Mango puree exhibited pseudo- plastic behavior during steady shear measurements, and the power law model well described  their flow behavior. Consistency coefficient increased with soluble solids concentrations and  decreased with temperature. The flow behavior index ranged between 0.27 and 0.38 
INTRODUCTION
Mango (Magnifera indica L.) is one of the important fruits of tropical origin and is consumed as whole as well as in several processed forms, such as pulp/puree, juice, soft drinks, nectar, leather, etc. According to Wikepedia, mangoes account for approximately 50% of all tropical fruits produced worldwide. The Food and Agriculture Organization of the United Nations estimates worldwide production of mangoes at more than 23 million tons in 2001. With 12 million tons produced annually (2002-2003 data) , India accounts for almost half of the world production, followed by China (3 million tons), Pakistan (2.25 million tons), Mexico (1.5 million tons), and Thailand (1.35 million tons). Alphonso is one of the best mango varieties produced in India, which is relished for its attractive color, exotic PROPERTIES OF MANGO PUREE 1019 flavor, and superb delicacy. Mango pulp or puree are the most popular mango products and are generally preserved as a canned product by subjecting them to thermal processing to extend their year round availability. Mango pulp or puree, a semi-finished product from mango, is utilized by the food processing industry to make various food formulations, such as mango juice, mango nectar, mango ice cream, mango shake, mango leather, etc. Often sugar is added to increase the total soluble solids content and to mildly acidify to reduce the pH to enhance the shelf life of the product. [1] For such processed foods to be of consistent quality and the processes to be technically and economically feasible, it is imperative that the physico-chemical properties of the pulp are known and standardized. Among others, these include color, flavor, texture (rheological properties), and thermo-physical properties, which are of primary importance from a quality and processing point of view.
Reliable estimates of thermal properties are essential to predict the rate of heat transfer during various food processing applications, including cooking, drying, freezing, pasteurization, and sterilization. Design of industrial plants, modeling, and automation of food processing operations require data on these properties to obtain better quality control and improve the shelf life of the products. Some of the important thermo-physical properties are thermal conductivity, thermal diffusivity, density, heat capacity, and glass transition temperature. These parameters vary with temperature and product soluble solids concentration (SSC).
Thermal conductivity and diffusivity are affected by moisture content and temperature. Both moisture and temperature change significantly during various food processing and product development applications and, therefore, estimation and availability of thermal property data are of significant value. Various techniques (steady state: guarded hot plate, concentric cylinder, and heat flux method; transient techniques: line heat source, thermal comparator technique) are available to measure thermal conductivity (k) of food materials. However, the line heat source method developed by Sweat [2] is the simplest and most widely used technique among these, which needs only a small sample volume and provides accurate results with pre-calibration. Specific heat is another important thermal property that helps to better understand the heat transfer phenomenon. Differential scanning calorimetry (DSC) has been frequently used to evaluate specific heat of food products. [3, 4] Glass transition temperature (T g ) is an important parameter for understanding quantification of water mobility in foods and has been related to the shelf stability of food products. At storage temperatures not exceeding T g , the food product is considered to be stable, and there will be no considerable change in physio-chemical or biological qualities. The changes from the glassy state to the rubbery state occur as a second order phase transition at a temperature known as the glass transition temperature (T g ). T g is also product specific and is a function of moisture content. [5, 6] Determination of glass transition temperature is more complicated with food products because of their chemical and microstructural complexity. Glass transitions often extend over a large temperature range, due to a broad distribution of relaxation times and/or because of unresolved transitions corresponding to different phases in multi-component mixture. If normal T g of a product is very low or not practical to achieve, it may be increased by the addition of sugar, starch, or gums that have a very high glass transition temperature. [6, 7] Rheology has important roles in food product development, quality control, sensory quality, design, and evaluation of the process equipment. Measurements of rheological parameters have been recognized as necessary to provide fundamental insights on the structural organization of food and play a significant role in fluid flow and heat transfer.
Numerous studies have cited the effect of temperature and SSC on flow behavior of fruit puree [8] [9] [10] [11] and generally these studies acknowledge fruit puree to be pseudo-plastic and follow the Herschel-Bulkley flow model. The process parameters, such as temperature, SSC, shear rate, and pressure, significantly affect the rheological model parameters consistency coefficient (K) and flow behavior index (n).
Most concentrated structured fluids also exhibit strong viscoelastic behavior at small deformations. With the recent advances in rheometry, the small amplitude oscillation shear dynamic measurement has replaced the steady flow measurement of fluid foods, especially those which are more gel-like, with less texture damage, work at considerably low angular frequency, and repeatability. The dynamic rheological properties in terms of elastic modulus (G ) and viscous modulus (G ) are used to characterize the visco-elastic properties of fluid foods. In qualitative terms, the oscillatory curves give a fingerprint of the state of the microstructure, in the same way as does a nuclear magnetic resonance or an infrared spectrum. [12] Only limited information is available on dynamic rheological studies on mango puree as a function of temperature and SSC. Considering the importance of such data gathering, the objectives of this work were to evaluate the thermo-physical and rheological properties of mango puree as a function of temperature and SSC.
MATERIALS AND METHODS

Mango Puree
Mango pulp (Cv. Alphonso product of India and marketed by Phoenicia Products Inc., Montreal, Canada) was obtained from a local market. This product was chosen as the product that has exotic flavor and commercial demand for manufacturing of processed products. The original soluble solids content of the pulp was 28 • Brix. Distilled water was used to dilute the pulp to 15 and 20 • Brix, while sucrose was added to concentrate the sample to 30 and 40 • Brix (as is the procedure followed for preparation of mango pureebased beverages of higher soluble solids content like mango squash). All experiments were conducted at four selected temperatures (20, 40, 60 , and 80 • C) and soluble solids concentration (15, 20, 32 , and 40 • Brix).The SSC (Brix) was measured by a hand refractrometer (Atago, Tokyo, Japan).
THERMAL ANALYSIS (HEAT CAPACITY AND GLASS TRANSITION)
For thermal analysis, mango puree samples were scanned in a differential scanning calorimeter (DSC) (TA Q100; TA Instruments, New Castle, DE, USA) calibrated with indium for heat flow and temperature. The DSC was equipped with a refrigerated cooling system that efficiently monitored temperatures up to -90 • C. Nitrogen was used as a purge gas at a flow rate of 50 mL/min. Hermetically sealed aluminum pans were used to avoid any moisture loss during the analysis. For glass transition temperature, the samples of mango puree were sealed, cooled to −60 • C, and then subjected to a programmed thermal scan at a heating rate of 10 • C/min to 100 • C while the heat capacity was determined at a temperature range of 10 to 100 • C. A four-axis robotic device on the system was used to automatically load samples and the reference pans to the DSC chambers. An empty aluminum pan was used as a reference. All DSC measurements were done in duplicate. DSC data were analyzed with the Universal Analysis Software (version 3.6C) for thermal analysis, which was provided with the instrument (TA Instruments, New Castle, DE, USA).
The glass transition temperature was obtained from the midpoint of onset and endpoint temperatures.
Thermal Conductivity
The thermal conductivity of the mango puree sample was measured by a T-type line heat source thermal probe. The probe was similar to the one described by Sweat. [13, 14] The probe length was 50 mm and the diameter was 0.7 mm. The probe was calibrated using 0.4% agar gel. Mango puree samples (approximately 80 ml) was transferred to a 100-ml glass container and equilibrated to a pre-set temperature in a water bath prior to measurement. Fiberglass wool was added (1% by sample weight) to the puree sample to prevent convection at elevated temperatures. The probe was completely immersed in the sample and kept for 2-3 min to stabilize with the sample temperature. Mango puree samples were put inside the temperature controller to measure the thermal conductivity at 20, 40, 60, and 80 • C. The power (3 V, 200 mA) was supplied to the probe and the time-temperature data were recorded each second using a computer-controlled HP data logger (349708; Hewlett Packard, Santa Clara, CA, USA) for 30 sec. Data were collected in triplicate for each SSC. A semi-log plot was made between time-temperature data and the resulted slope was used in Eq. (1) to evaluate thermal conductivity:
where k is the thermal conductivity (Wm −1 • C −1 ) and Q is the supplied heat in J.
Density and Thermal Diffusivity
A pycnometric method was used to measure the sample density. The thermal diffusivity was calculated using Eq. (2) by using thermal conductivity and specific heat data obtained from the method described earlier. The average of three replicates was reported.
where α is the thermal diffusivity (m 2 s −1 ); ρ is the density [kg(m 3 ) −1 ], and C p is the specific heat in (Jkg −1 • C −1 ).
Rheological Measurements
A controlled-stress rheometer (AR 2000; TA Instruments, New Castle, DE, USA) equipped with a manufacturer supplied computer control software (Rheology Advantage Data Analysis Program; TA, New Castle, DE, USA) was used to study both steady shear and dynamic oscillatory measurement of the mango puree sample. A 60-mm parallel plate attachment was used with a gap of 1000 microns. The AR 2000 was supplemented with an efficient Peltier temperature control system and the sample temperatures were precisely controlled and monitored. For each test, a measured volume (approximately 2 mL) of mixed sample was placed on the bottom plate of the rheometer. The test temperature ranged between 20 and 80 • C. The exposed sample perimeter was covered with a metal trap to minimize evaporation at a higher temperature. Dynamic oscillatory tests were carried out at a frequency sweep from 0.1 to 10 Hz. The oscillation stress was selected based on the linear part of the visco-elastic range (0.2-0.3 Pa). Each time, a new sample was used for rheological measurement. All the rheological measurements were carried out in triplicate. Elastic modulus (G ), viscous modulus (G ), complex viscosity (η * ), and phase angle (tan δ, ratio of loss modulus to storage modulus) were obtained directly from the software (Rheology Advantage, TA version 2.3).
For steady flow measurements, the rheometer was programmed for the set temperature and equilibrated for 2 min following a two-cycle programmed shear changing from 0.1 to 100 s −1 and back to 0.1 s −1 in 10 min. Rheological parameters (shear stress, apparent viscosity, and shear rate) were obtained from the software. Various rheological flow models based on shear stress-shear rate (Newtonian, Bingham, Casson, Power law, Herschel-Bulkley) were tested and the best fit model was selected on the basis of standard error, which is defined as:
where X m is the measured value; X c is the calculated value; n is the number of data points, and the Range is the maximum-minimum of X m values.
Error Estimation
The deviation between experimental and model values was represented by average percent error (E) using Eq. (4):
Statistical Analysis
Statistical data analysis was done using SPSS (SPSS for windows, SPSS 8.0, SPSS-IBM, Armonk, NY, USA). The significance of the data was considered at P ≤ 0.05 level.
RESULTS AND DISCUSSION
Thermal Conductivity
The thermal conductivity of mango puree varied with temperature and SSC. The k values ranged between 0.388 and 0.592 W/m • C at the wider temperature and SSC range ( Table 1 ). The thermal conductivity of the mango puree sample was modeled Eq. (5) obtained through a multiple regression of k vs. other independent variables and the model prediction was compared with other published models: Eq. (6), [15] Eq. (7), [13] and Eq. (8): [16] 
where T is temperature ( • C), k i is the thermal conductivity of components, X W is the water fraction, and Y i is the volume fraction of the component. The current (Eq. 5) as well as published models fitted the data adequately (R 2 > 0.93); however, the average percent errors of model Eqs. (6), (7) , and (8) were much higher at 6, 13.5, and 8.7%, respectively ( Table 2 ) as compared to the 2% error associated with the developed model (Eq. 5). Figure 1 illustrates thermal conductivity as a function of SSC at 20 and 80 • C with a good correlation between predicted and experimental values. The thermal conductivity values slightly increased with temperature (but p > 0.05) while a significant (p < 0.05) decreasing trend was noticed with SSC. Addition of sugar reduced the moisture content in the puree and hence results in a decrease in thermal conductivity. Similar observations have been reported for other products. [2, 17, 18] 
Heat Capacity
The variation of heat capacity with respect to temperature and SSC are also tabulated in Table 1 . The heat capacity of mango puree ranged between 3.11 and 3.81 kJ kg −1 • C −1 while the temperature and SSC varied between 20 to 80 • C and 15 to 40 • Brix, respectively. Figure 2 compares the predicted and experimental values of heat capacity and Fig. 2b illustrates the effect of SSC at 20 and 80 • C. The C p of the mango puree sample was found to follow a linear relationship with temperature and SSC, and was represented by Eq. (8) which follows:
1024 GUNDURAO, RAMASWAMY, AND AHMED The experimental data fit well (R 2 > 0.96). The above equation was compared with published models also: Eq. (10) of Choi and Okos, [15] Eq. (11) of Dickerson, [19] and Eq. (12) of Heldman and Singh: [20] C p = C pi X pi ,
C p = 2.51 X W + 1.67, [15] model; symbols experimental values).
In the above equations, C pi and X pi are the component heat capacity and component fraction, X c , X p , X f , and X a represent the carbohydrate, protein, fat, and ash fractions in the sample. Table 2 represents the variation of the above equations compared to the experimental values. The higher average estimated error was found in the model Eqs. (10), (11) , and (12) (4.3, 4.2, and 3.02%, respectively) compared to the developed Eq. (9) (0.40%). The C p was found to increase with temperature (p < 0.05) and decrease with SSC (p < 0.05). Similar trends have been reported earlier. [4, 18, 21] Density Equation (13) represents (R 2 = 0.99) the variation of density with SSC and temperature. The density of mango puree varied from 1050 to 1192 kg m −3 at selected temperature and SSC ranges. Figure 3 shows the variation of density with SSC at 20 and 80 • C.
Thermal Diffusivity
The thermal diffusivity (α) of mango puree as a function of SSC and temperature are reported in Table 1 . With an increase of SSC, α decreased, while an increasing trend was observed at higher temperatures (Fig. 4 ). This is obvious as thermal diffusivity depends on thermal conductivity and heat capacity of the sample. The variations of α value followed a linear relationship (R 2 > 0.93) (Eq. 14) with temperature and SSC. Figure 4 also compares the predicted and experimental values of α. Equation (14) was compared with other published models: Eq. (15) of Choi & Okos, [15] Eq. (16) of Martens, [22] and Eq. (17) of Riedel [23] (α w is thermal diffusivity of water). Higher average estimated error was found in the published models (15) , (16) , and (17) (9.65, 10.50, and 8.36%, respectively), . . . . . Martens model; [22] symbols experimental values). as compared to Eq. (14) (2.45%) as shown in Table 2 . A similar trend has been reported for other fruit juice/concentrates: [1, 18] 
Glass Transition Temperature
Typical thermograms for mango puree at different SSC are shown in Fig. 5 . The presence of the glass transition phase in the system has been identified on the thermogram by a change in heat capacity of mango puree. The glass transition temperatures (onset, mid, and end point) and changes in heat capacity during thermal transition are shown in Table 3 . The glass transition temperatures were quite stable. T g decreased with an increase in soluble solids content resulting in a maximum glass transition temperature at 40 • Brix. Jang et al. [24] observed a similar decreasing trend in T g by addition of sucrose in wheat starch. Generally, water acts as a plasticizer in the hygroscopic region, while sugar-water has an anti-plasticizing effect resulting in lowering the glass transition temperature by the addition of sucrose. [25] It is also reported that the addition of sugar changes the storage stability of foods. The effect of soluble solids content on T g and C p of mango puree followed a linear relationship and are described by the following equations:
Both of these equations fit well with a coefficient of determinations (R 2 ) greater than 0.99 while the standard errors ranged between 2 and 12%.
Rheology
Steady shear flow models. There were significant (p < 0.05) variations in the upward and downward curves of mango puree samples during steady shear evaluations at the temperatures studied. Many researchers have observed similar differences in upward and downward flow curves for various foods. The downward curves (more consistent values) represent samples that have been subjected to prior shear history (during upward shear scan) and generally have been reported to give more consistent data. These have been used in the present study to analyze the data. Figure 6 shows the flow curves of mango puree at different temperatures and SSC. The mango puree samples exhibited a definite yield stress (0.19-3.8 Pa). However, the magnitude of yield was low compared to earlier reported values. [10, 11] At temperatures above 40 • C the yield was almost zero. Shear stress-shear rate data of the processed mango samples were verified for various rheological models and it was found that the power law model fit the data better ( Table 4 ). The power law model is represented by the following equation:
where τ is the shear stress (Pa), .
γ is the shear rate (s −1 ), K is the consistency coefficient (Pa.s n ), and n is the flow behavior index (dimensionless). Power law parameters for mango puree at selected SSC and temperatures are reported in Table 5 . The flow behavior index (n) varied between 0.27 and 0.38 indicating a strong pseudo-plastic shear-thinning nature of the mango puree. However, there was no trend in n values with the temperature. The consistency coefficient (K) decreased systematically with temperature while increasing with SSC. Similar flow characteristics of pureed foods/concentrates are reported in the literature. [18, [26] [27] [28] [29] [30] 
Effect of Temperature on Consistency Coefficient and Apparent Viscosity
The effect of temperature on rheological characteristics of mango puree is shown in Fig. 7 . Temperature dependency of consistency coefficient from shear stress-shear rate and apparent viscosity-shear rate data are expressed by the Arrhenius relationship (Eqs. 21 and 22): where K and η are the consistency coefficient and apparent viscosity at constant shear rate (50 s −1 ), respectively, A K , Aη are the pre-exponential constants; E is the activation energy; R is the universal gas constant; and T is absolute temperature. The coefficients of Eqs. (21) and (22) were computed using the least square technique ( Table 6 ). Activiation energies related to consistency coefficient and apparent viscosity were 10.18-14.95 and 8.23-10.68 kJ g −1 mol −1 , respectively, while the pre-exponential constants were 1.26 × 10 −2 − 5.64 × 10 −2 and 2.6 × 10 −3 − 6.8 × 10 −3 , respectively. The activation energy values for consistency coefficient and apparent viscosity of guava juice and banana puree have been reported as 15.53 and 18 ± 1 kJ g −1 mol −1 , respectively. [10, 28] The difference in magnitudes could be attributed by fruit type, degree of thermal processing, and addition of sucrose.
Dynamic Rheological Characteristics
The effect of SSC on the dynamic modulii of mango puree is shown in Fig. 8 . The values of elastic modulus (G ) were higher than that of viscous components (G ) throughout the frequency range indicating the elastic components to predominate the viscous components (i.e., the sample exhibiting more gel-like behavior than viscous fluid-like). Both G and G increased as the function of SSC. It indicated the viscoelastic behavior of mango puree for all the SSC. The phase angle (δ) represents the ratio of G and G that measure energy loss compared to energy stored in cyclic deformation. The phase angle values supported the visco-elastic nature of the mango puree.
Dynamic frequency sweep tests were carried out in the limit of viscoelastic range to determine the frequency dependence of the elastic and viscous modulus. The rheological modulii were modeled by equations of the following type: [31] 
where ω is the frequency and A, b, C, and d are constants.The regression coefficients of the above equations are reported in Table 7 . It is evident from the table that both G − ω and G − ω data fit adequately (R 2 > 0.89) at selected temperature ranges. The slope of Eq. (23) ranged between 0.008 and 0.272. However, the slope significantly (p < 0.05) decreased with an increase in SSC. The product behaved like a weak gel at higher temperatures and SSC (30-40 • Brix). Elastic modulus showed no frequency dependence in those ranges. [32] The slope of G − ω showed strong frequency dependency and the magnitudes decreased systematically with the temperature while SSC did not show any trend.
Application of Cox-Merz Rule
The fluid rheology has been associated with the internal structure of materials and the Cox-Merz rule provides such information on polymeric solution. [31] The Cox-Merz rule describes the superposition of shear rate dependence of steady-shear viscosity (η) and frequency dependence of complex viscosity (η * ) at equal values of angular frequency and shear rate: Several researchers [31, 33, 34] have reported that most food products do not follow the Cox-Merz rule. Mango puree samples did not follow the Cox-Merz rule at studied temperature and SSC range ( Figs. 9a and 9b ). The failure of Cox-Merz rule has been explained on the basis of structural breakdown of food products beyond the yield point. [33] The complex viscosity (η * ) was found to be higher compared to steady shear viscosity (η) and both increased with SSC ( Fig. 9a ) while the curves were found to be closer at higher SSC. It was found that η decreased with temperature while η * did not follow the same trend (Fig. 9b) . Differences between η and η * at higher temperatures could be due to structural changes of the puree sample and/or composition. Steady viscosity generally ruptures the texture during high shear rate while oscillation measurement retains the texture at its utmost. A power type relationship can be used to correlate the steady shear viscosity (η) and oscillatory viscosity (η * ) by the following equation:
where η is the steady shear viscosity, η * is the complex viscosity, and K * and n * are the consistency coefficient and flow behavior index considering oscillatory viscosity. The steady shear viscosity (η) and oscillatory viscosity (η * ) data fit adequately (R 2 > 0.99). The regression parameters are reported in Table 8 . The K * increased with both SSC and temperature while no systematic trend was observed for n * values. 
CONCLUSIONS
Effects of temperature (20, 40, 60 , and 80 • C) and SSC (15, 20, 30 , and 40 • Brix) on thermo-physical and rheological properties of mango puree were investigated. Thermal conductivity, diffusivity, and heat capacity increased with temperature but decreased with SSC, while a reverse trend was observed for density. Higher soluble solids content increased the glass transition temperature of mango puree. Thermal properties and glass transition temperature of mango puree were found to fit linear relationships with temperature and SSC (R 2 > 0.90). Mango puree exhibited pseudo-platicity during steady shear measurements between shear rates of 0.1 to 100 s −1 . The flow behavior index did not show any trend with temperature. The consistency coefficient increased with SSC while the decreasing trend was observed with temperature. Dynamic oscillation shear measurement (0.1 to 10 Hz) revealed that mango puree behaved as a weak gel at a higher temperature and SSC. Superimposition of steady shear viscosity and complex viscosity at equal values of shear rate (0.1-10 s −1 ) and frequency (0.1-10 Hz) range were tested by the application of Cox-Merz rule and it was found that mango puree did not follow the Cox-Merz rule. 
NOMENCLATURE
